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Quantum communication and clock synchronization protocols can be significantly enhanced by the
careful preparation of the wavepackets of the produced photons. Following the theoretical proposal
published in [Optica, 4, 84 (2017)], we experimentally demonstrate the effect of a remote temporal
wavepacket narrowing of a heralded single photon. It is performed by utilizing the time-resolved
measurement on the heralding photon which is frequency entangled with the heralded one. We also
investigate optimal photon pair source characteristics that minimize the heralded wavepacket width.
I. INTRODUCTION
The phenomenon of entanglement can be certainly seen
as the essence of quantum theory. It leads to a plethora of
counterintuitive effects, allowing for substantial improve-
ment of numerous applications. For example, polariza-
tion entanglement is an important resource for protocols
of secure information transfer [1–3], while spatial entan-
glement is essential for ghost imaging [4, 5] and spatial
quantum states encoding [6–8]. On the other hand, spec-
tral entanglement can be utilized to improve the quantum
communication (QC) security [3, 9].
Photonic implementations of QC protocols suffer from
many setup imperfections, plaguing realistic single-
photon sources, communication channels and detection
systems. All of them together limit the maximal secure
distance of information transfer. One of the most effec-
tive ways to reduce this limitation is to use the temporal
filtering method to decrease the amount of noise regis-
tered by single-photon detectors [10]. However, full po-
tential of this method cannot be used if the single-photon
wavepacket is affected by the temporal broadening effect.
This turns out to be a common problem in fiber-based
QC systems, where the signals propagate through disper-
sive media. Recently, a method to significantly reduce
the problem of temporal broadening was proposed [9].
It is based on an appropriate preparation of spectrally
correlated photon pairs [11–14].
Remote quantum clock synchronization is another ap-
plication benefiting from correlated pairs of photons.
The idea of utilizing a number of frequency-entangled
wavepackets for the enhancement of its timing accuracy
was proposed in Ref. [15]. The framework discussed by
the authors of this article assumed that the photon pair
source was pumped with continuous wave (CW) laser.
This means that the spectra of the emitted photons are
negatively correlated. An experimental realization of
the remote quantum clock synchronization protocol us-
ing CW laser was reported by Valencia et al. in Ref. [16].
The main idea of this work relies on measuring the statis-
tics of relative arrival times of pairs of correlated photons
after their propagation on certain distances. The preci-
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sion of synchronization depends on the number of de-
tected pairs, temporal widths of their wavepackets, and
the quality of the best fit of the assumed theoretical
model. More recently, in Ref. [17], Quan et al. demon-
strated another synchronization method utilizing addi-
tional feedback mechanism based on Hong-Ou-Mandel
interference, allowing to compensate temperature-related
fluctuations of the channel length. However, all those
quantum clock synchronization procedures are limited to
the time scales below the characteristic fluctuation time.
Another major limitation for them is the temporal broad-
ening of the photon pair wavepacket during their propa-
gation in telecommunication fibers.
In this work, we experimentally investigate the prob-
lem of remote preparation of a single-photon wavepacket
by a spontaneous parametric down-conversion (SPDC)
source. Following the theoretical proposal published in
Ref. [9], we show how adjusting the spectral entangle-
ment and applying time-resolved heralding procedure can
substantially narrow the wavepacket of the propagated
photons in comparison with the classical case. We also
discuss the problem of optimizing the SPDC source for
applications utilizing telecommunication fibers of given
length and dispersion coefficient. We discuss our results
in the context of improving the performance of remote
quantum clock synchronization schemes.
II. WAVEPACKET NARROWING
The experimental setup utilized to measure the arrival
time distribution of the photon pairs is depicted in Fig. 1.
The parametric down conversion process takes place in
a type-II 10 mm-long PPKTP with a poling period of
46.2 µm, designed for collinear phase matching 780 nm
→ 2 × 1560 nm. The crystal was pumped by a pulsed
Ti:Sapphire laser coupled to a single-mode fiber, with
the central wavelength 780.1(1) nm and the repetition
rate 80.14(2) MHz. A dichroic mirror was used to sep-
arate the pump beam and a photon pair. The photodi-
ode illuminated with the pump beam delivered the ref-
erence signal, carrying the information on the emission
time of every pair. Subsequently the orthogonally polar-
ized SPDC photons were separated by a polarizing beam
splitter and coupled into two 10 km-long standard single-
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2mode fibers (SMFs). The measured value of the group
velocity dispersion was 2β = −2.27×10−26 s2m at 1560 nm,
which corresponds to 17.6 ps/(nm·km). The longpass fil-
ters were used to clean the remaining pump beam. The
photons were detected using a superconducting nanowire
detectors (SSPDs). An oscilloscope measured the electric
pulses from the SSPDs and the photodiode, and recorded
the respective waveforms, which were post-processed in
order to obtain the time stamps for the photon detection.
The triggering system was set to record only coincidences
from the two SSPD channels in a given time window. The
resulting data set was composed of pairs of photon de-
tection times referenced to the laser pulse. The detection
system and electronics contributed to the timing jitter,
which standard deviation was of the order of 45 ps for
the SSPDs and around 4 ps for the photodiode.
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FIG. 1. The experimental setup. Pulses from the femtosecond
Ti:Sapphire laser are coupled to a fiber. Their polarization is
set by a fiber polarization controller FPC. The pump is fo-
cused using the lens L1 (plano-convex F=125 mm) in the type
II PPKTP nonlinear crystal. The resulting photon pairs are
collimated using the lens L2 (plano-convex , F=70 mm). A
dichroic mirror DM (Semrock FF875-Di01) separates the un-
converted laser beam and the SPDC photons. Two longpass
filters LP (Semrock BLP01-1319R-25) clean the remainder
of the pump. Next, polarizing beam splitter PBS separates
the SPDC photons with respect to their polarization. They
are subsequently coupled to single mode fibers SMF (Corn-
ing SMF28e+) using fiber collimators FC (F=8.0 mm) and
mirrors M. The oscilloscope monitores the outputs of super-
conducting nanowire single-photon detectors SSPD and the
fast photodiode PD.
The spectral wavefunction of a fiber-coupled pair of
photons generated in SPDC process can be parametrized
using the quantities directly describing the properties
of the biphoton state, namely its spectral correlation
coefficient ρ and spectral widths σ1, σ2. Within this
parametrization the probability of detecting two photons
at time t1 and t2 is given by a bivariate normal distribu-
tion:
p(t1, t2) =
1
√
pi
√
τ1τ2
√
1− ρ2t
× exp
(
− 1
2 (1− ρ2t )
(
t21
τ21
+
t22
τ22
− 2t1t2ρt
τ1τ2
))
. (1)
Data set #1 #2 #3
∆λ 12.47(8) nm 0.929(12) nm 0.551(14) nm
τp 71.82(42) fs 0.964(13) ps 1.62(4) ps
ρt 0.9551(2) −0.1483(14) −0.4443(11)
τ1 1.136(2) ns 0.23607(24) ns 0.2146(2) ns
τ2 1.312(2) ns 0.25285(25) ns 0.23130(21) ns
τ1h/τ1 29.49(41)% 96.9(7)% 87.9(5)%
TABLE I. The three pump bandwidths, ∆λ, utilized in the
experiment (FWHM), the corresponding pulse duration, τp,
the best fit parameters ρ, τ1, τ2 for the statistics of arrival
times of SPDC photons to the detectors, and the ratio of re-
duced temporal width of the heralded photon to the respective
temporal width of non-heralded photon, τ1h/τ1.
In our analysis, we acquired three data sets, consisting
of approximately 82× 103 pairs of photon arrival times,
for the three pump settings with different spectral width
∆λ specified in Tab. I. For each data set we computed
a histogram, to which we subsequently fitted the distri-
bution given in Eq. (1). We took into account the back-
ground noise in the model, which turned out to be negligi-
ble. The parameters were fitted using standard nonlinear
model fitting functions. The best fit parameters, ρt, τ1
and τ2 are gathered in Tab. I.
Let us now assume that the photon number two was
detected at the time T2 with uncertainty ∆T , which is the
width of detection window. In this case the probability
distribution for the arrival time of the photon number
one reads:
pc (t1;T2,∆T ) =
∫ T2+∆T/2
T2−∆T/2
dt2p(t1, t2)∫
dt1
∫ T2+∆T/2
T2−∆T/2
dt2 p(t1, t2)
=
e
− t
2
1
2τ21
(
erf
(
τ1(∆T−T2)+ρtτ2t1√
2−2ρ2tτ1τ2
)
+ erf
(
τ1(∆T+T2)−ρtτ2t1√
2−2ρ2tτ1τ2
))
√
2piτ1
(
erf
(
T2+∆T√
2τ2
)
− erf
(
T2−∆T√
2τ2
)) .
(2)
An analogous formula can be derived for the opposite
situation, i.e. when the photon number one heralds the
photon number two. Note that ∆T → ∞ when the in-
formation on the arrival time of the heralding photon is
not available for the experimenter.
The measured statistics are depicted in Fig. 2, where
the columns correspond to the three data sets specified in
Tab. I. The top (bottom) row refers to the photon num-
ber two (one). The blue solid lines denote theoretical
prediction for the case of no timing information on the
heralding photon. The profiles are given by the Eq. (2)
with the detection window set to ∆T →∞. We also set
two detection windows of width ∆T = 100 ps centered
on some randomly chosen values of the heralding time
T2. They are marked by orange and green stripes in the
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FIG. 2. The top (bottom) row shows the distribution of arrival time of photon number two (one). Blue dots (lines) represent
experimental data (fitted theoretical model given by Eq. (2)). Each column corresponds to one of the three data sets specified
in Tab. I. The orange and green colored areas on panels (a) – (c) denote arbitrary chosen, 100 ps wide detection time windows
for photon number two. The measured (calculated) distribution of photon number one arrival times corresponding to those
selected areas are plotted on panels (d) – (f) with dots (dashed lines) of the the same colors. The numbers of coincidences in
the heralded photons peaks were scaled for convenience presentation of the wavepacket narrowing effect. On panels (d) – (f),
the total number of coincidences in peaks of dashed yellow (green) plots are 125 (48), 865 (368) and 1396 (562).
top row of Fig. 2. The corresponding statistics of the
heralded photon arrival times are depicted with respec-
tive colors in the bottom row. The dashed lines show the
theoretical prediction.
For the finite detection windows ∆T we observe that
the temporal width of the photon number one is reduced
as compared to the situation when there is no informa-
tion on the heralding photon arrival time. The strength
of this narrowing effect depends on the temporal correla-
tion between the SPDC photons, which in turn depends
on the pump settings. In general, the higher the abso-
lute value of ρt, the lower the ratio of τ1h(∆T )/τ1. This
can be seen in Fig. 3(a), where we plotted the experi-
mental values of this ratio as a function of the width of
the detection window, ∆T . This data is also compared
with the results of theoretical model depicted with solid
lines. The value of τ1h(∆T )/τ1 is reduced when ∆T de-
creases. However, below a certain threshold value of ∆T
it approaches a certain limit, which in theory is given by
lim
∆T→0
τ1h(∆T )
τ1
=
√
1− ρ2t . (3)
In this situation the conditional probability distribution
for the detection time of the photon number one reads
lim
∆T→0
pc (t1;T2,∆T )=
1√
2pi (1− ρ2t )τ1
×exp
(
(T2ρtτ1 − t1τ2)2
2(−1 + ρ2t )τ21 τ22
)
. (4)
In our experiment, the aforementioned threshold value,
below which further shortening of the detection window
does not make the heralded wavepacket narrower, can
be estimated to ∆T ≈ 300 ps. The strength of the
wavepacket narrowing that we were able to observe, cal-
culated in terms of the ratio of τ1h(∆T )/τ1, is given in
Tab. I.
The average arrival time of the heralded photon, T1h,
depends on the average detection time of the heralding
one, T2. The experimental results are depicted in Fig. 3
(b). In general there is no analytical formula to express
this dependence. However, if one chooses detection win-
dow close to the limiting value ∆T → 0, the theoretical
dependence is linear. It can be derived from Eq. (4) and
it reads:
T1h = ρ
τ1
τ2
T2 (5)
In order to illustrate it, for every T2 we took fit param-
eters from Tab. I and numerically calculated T1h. The
results of this calculation are depicted by solid black lines
in Fig. 3 (b).
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FIG. 3. Panel (a) shows the ratio between the temporal
widths of the heralded photon and non-heralded photon, plot-
ted as a function of the width of the detection window for the
heralding photon. Panel (b) shows the dependence of the po-
sition for the peak of the arrival time distribution function
for the heralded photon, T1h, on the position of the peak
of the analogous function for the heralding photon, T2. On
both panels the blue, yellow and green dots correspond to
the experimental data obtained for the three pump settings
specified in the first, second and third column of the Tab. I,
respectively. The results of theoretical calculation are repre-
sented by black solid lines.
III. OPTIMIZING THE PHOTON PAIR
SOURCE
The parametrization used in Eq. (1) allowed us to get
compact forms of the expressions given by Eq. (3) and
Eq. (5), which are very useful in the description of the
wavepacket narrowing. Now we wish to find the optimal
source parameters that could provide us with the narrow-
est possible wavepackets for a given length of transmis-
sion links, L, characterized by the dispersion coefficient,
β. For this we assume a simplified biphoton wavefunction
in the following form [14, 18]:
φ(ν1, ν2) = M exp
(
− (ν1 − ν2)
2
σ2
− (ν1 + ν2)
2τ2p
4
)
, (6)
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FIG. 4. Temporal widths τ1 (blue, dot-dashed line), τ1h(0)
(green, dashed line) and τ1h,∆t(0) (red, solid line) as func-
tions of τp, plotted for σ = 3.29 THz, L = 10 km and
β = −1.15 × 10−26 s2/m. Blue dots, green squares and red
diamonds represent the values of τ1, τ1h(0) and τ1h,∆t(0) (re-
spectively) obtained in the experiment. The rightmost green
diamond corresponds to the experimental value of τ1h,∆t(0)
obtained for the CW pump laser.
where σ is the effective phase matching function width
[19] and τp stands for the pump laser pulse duration. This
expression is equivalent to the formula (3) in Ref. [9]
taken for equal spectral widths of the pair of photons
produced in the crystal, i.e. for σ1 = σ2 ≡ σ0. The com-
parison between those two formulas gives the following
transformation:
τp=
1
σ0
√
1+ρ
,
σ=2σ0
√
1− ρ. (7)
This allows us to rewrite the formulas for the tempo-
ral widths of the heralded and non-heralded wavepackets
derived in [9] in terms of the parameters describing the
photon pair source, σ and τp, and transmission links, β
and L.
Let us first focus on the temporal width of the non-
heralded photon, which reads:
τ1 =
√
σ2τ4p + (β
2L2σ4 + 4) τ2p + 4β
2L2σ2
4σ2τ2p
. (8)
It is not surprising that the value of τ1 grows to infinity
when the pump pulse duration is infinitely short, τp → 0,
or infinitely long, τp →∞ (CW laser). On the other hand
it has the minimum equal to
τmin1 =
|β|Lσ2 + 2
2σ
, (9)
which is reached for τoptp =
√
2|β|L.
In the asymptotic case, in which the arrival time of the
heralding photon is perfectly known, one gets the follow-
ing expression for the temporal width of the heralded
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FIG. 5. Logarithm of the temporal widths a) τ1, b) τ1h(0) and c) τ1h,∆t(0) plotted as functions of σ and τp. Dashed lines
connect pairs of values (τp, σ) corresponding to the following spectral widths of photons emitted from the crystal: σ0 = 10 GHz
– red line (the closest one to the lower right corner of the pictures), σ0 = 100 GHz – green line, σ0 = 1 THz – orange line and
σ0 = 10 THz – blue line (the closest one to the upper left corner of the pictures). The colored dots, diamonds and squares
denote pairs of points (τp, σ) for which the spectral correlation coefficient takes the value of ρ = 0.9, ρ = 0 and ρ = −0.9
(respectively). The contours shown in each panel have the same value. The lines close to the darkest and lightest filled regions
correspond to value −9.2 and −11.3, respectively.
photon:
τ1h(0) =
√
(β2L2σ4 + 4)
(
τ4p + 4β
2L2
)
σ2τ4p + (β
2L2σ4 + 4) τ2p + 4β
2L2σ2
. (10)
For τoptp this quantity also reaches its minimum, which is
given by
τmin1h (0) =
2
√|β|L (β2L2σ4 + 4)
|β|Lσ2 + 2 . (11)
On the other hand, for the situation when the emission
time of the pump pulse is unknown but the detection time
of the heralding photon is available the temporal width
of the heralded photon reads:
τ1h,∆t(0) =
√
β2L2σ4 + 4
σ
. (12)
It is interesting to note that for a given nonlinear crystal
with fixed σ parameter it does not depend on the pump
settings.
A. Optimization over the pulse duration
Let us first analyze the scenario where the crystal pa-
rameter, σ, is fixed and the experimenter can modify
the pulse duration. The relation between τ1, τ1h(0) and
τ1h,∆t(0) can be clearly seen in Fig. 4, where the theoret-
ically calculated and experimentally measured values of
those functions are plotted. It can be seen that when the
additional information about the photon pair generation
time is available the respective temporal width is smaller
compared to the case when there is no such information,
τ1h(0) < τ1h,∆t(0). This can be seen by comparing the
solid red and the dashed green curves in Fig. 4.
Furthermore, one can observe that the temporal width
of the heralded wavepacket is always not greater than
non-heralded one, τ1h(0) ≤ τ1. The strength of the nar-
rowing effect, τ1h(0)/τ1, asymptotically goes to zero for
τp → 0 and τp → ∞. On the other hand, for τp = 2/σ
and τp = |β|Lσ it reaches the maximal value of one. The
first maximum can be attributed to the crystal producing
spectrally decorrelated photon pairs. The second one is
the consequence of the propagation in the fiber. As it was
shown in Ref. [9], the temporal correlation changes with
the propagation distance. Therefore the second maxi-
mum corresponds to the point where there is no temporal
correlation. The local minimum of τ1h(0)/τ1 is reached
for τoptp . It can be calculated using the formulas (11) and
(9). For the case illustrated in Fig. 4, this central mini-
mum within our experimental setting takes the value of
approximately 11.3%. It means that the lowest value
of τ1h(0)/τ1 measured in our experiment, which reads
29.49% (see Tab. I), could be further reduced by setting
the pulse duration to τp = 15.2 ps.
It is interesting to ask what type of spectral correlation
do we have for the optimal pump settings, for which both
τ1 and τ1h(0) reach their minima. Through simple math-
ematical calculation one can derive the following formula
for the optimal value of spectral correlation coefficient:
ρopt =
2− |β|Lσ2
2 + |β|Lσ2 . (13)
It means that for sufficiently short propagation dis-
tance the optimal SPDC photons are always positively
correlated, while for very long distance communication
schemes the best is negative correlation. However, the
6distance at which the type of optimal spectral correla-
tion changes from positive to negative depends on the
parameter σ, describing the properties of the nonlinear
crystal.
B. Designing the optimal SPDC source
It is also important to know what is the optimal photon
pair source design when one can arbitrarily choose both
the crystal and the pump laser settings, τp and σ, for a
given pair of symmetric transmission links characterized
by the parameters L and β. The dependence of the tem-
poral widths τ1, τ1h(0) and τ1h,∆t(0) on the pump laser
settings, plotted for fixed values of L and β, can be seen
in Fig. 5. A simple calculation shows that both τ1 and
τ1h(0) reach their absolute minima for τ
opt
p =
√
2|β|L
and σopt =
√
2/|β|L. Those minima are identical and
read:
τabs1 = τ
abs
1h =
√
2|β|L. (14)
This means that for the optimal SPDC source, the nar-
rowing effect is not present. Therefore, spectrally decor-
related pairs are optimal for the quantum communication
in this case. For our 10 km-long SMF fiber, links we get
τoptp ≈ 15.2 ps and σopt ≈ 132 GHz. On the other hand,
the absolute minimal value of τ1h,∆t(0) equals
τabs1h,∆t(0) = 2
√
|β|L. (15)
Again, it can be reached for σopt =
√
2/|β|L, but for
arbitrary τp.
IV. DISCUSSION
The possibility of narrowing temporal widths of pho-
tons by performing the time-resolved measurements and
optimizing the settings of the photon pair source, dis-
cussed above, can have multiple applications. As an ex-
ample one can consider the problem of a distant clock
synchronization. The experimental realization of this ap-
plication presented by Valencia et al. in Ref. [16] was
performed with SPDC source. However, the choice of
the CW laser is certainly not optimal, as can be seen
from Fig. 4. Therefore, the results can be potentially im-
proved by choosing a pulsed pump laser and optimizing
its spectrum analogously as in our work. Similar opti-
mization can also refine the results presented by Quan
et al. in Ref. [17], where the SPDC source used in quan-
tum clock synchronization experiment was pumped by a
pulsed laser, but no optimization of it was performed.
The results of our work can be also useful in extending
the maximal secure distance of quantum communication
schemes. This possibility was discussed in Ref. [9]. Our
new outcomes can in principle further improve the secu-
rity analysis presented in that paper.
In summary, we investigated the problem of a
wavepacket shaping of a single photon, which is her-
alded by the time-resolved detection of the other photon
from SPDC pair. We showed how the strength of the
wavepacket narrowing depends on the parameters of the
photon pair source and the width of the detection win-
dow for the heralding photon. Our theoretical predictions
[9] were compared with the experimental results show-
ing very good agreement. We experimentally observed
the reduction of the width of the heralded wavepacket
to approximately 29% as compared to the case of non-
heralding scenario. Moreover, we performed the opti-
mization over the pump laser pulse duration in order to
find the minimal possible wavepacket temporal width.
For the case of our experimental setup further narrow-
ing down to 11 % is feasible for τp = 15.2 ps. Finally,
we derived formulas for optimal parameters of the SPDC
source minimizing the aforementioned temporal widths.
In our experimental scenario both photons from SPDC
pairs propagated through a pair of identical single-mode
fibers. A generalization of this work to the case of fibers
with non-equal lengths or different dispersion scenario
is currently under our consideration. The results of our
work can be applied to optimize the performance of var-
ious realizations of quantum communication protocols.
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